Fast pyrolysis of Miscanthus, its hydrolysis residue and lignin were carried with a pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) followed by online vapor catalytic upgrading with sulfated ZrO 2 , sulfated TiO 2 and sulfated 60 wt.% ZrO 2 -TiO 2 . The most evident influence of the catalyst on the vapor phase composition was observed for aromatic hydrocarbons, light phenols and heavy phenols. A larger amount of light phenols was detected, especially when 60 wt.% ZrO 2 -TiO 2 was present. Thus, a lower average molecular weight and lower viscosity of bio-oil could be obtained with this catalyst. Pyrolysis was also performed at different pressures of hydrogen. The pressure of H 2 has a great effect on the overall yield and the composition of biomass vapors. The peak area percentages of both aromatic hydrocarbons and cyclo-alkanes are enhanced with the increasing of H 2 pressure. The overall yields are higher with the addition of either H 2 or sulfated catalysts. This is beneficial as phenols are valuable chemicals, thus, increasing the value of bio-oil. The results show that the hydrolysis residue has the potential to become a resource for phenol production.
Introduction
In recent years, the fast pyrolysis of lignocellulose for production so-called 2nd generation bio-fuels has attracted more attention. Pyrolysis is a process of thermal decomposition under high temperature without oxygen. Bio-oil, as the liquid product of lignocellulosic biomass fast pyrolysis, is considered to have the potential to replace fossil fuels for the production of biofuels and various chemical compounds [1] . Nevertheless, the bio-oil possesses many undesirable properties, which prohibit the application and production. The high content of carboxylic acids leads to the corrosiveness of bio-oil. A large amount of carbonyl group compounds, such as aldehydes and ketones are mainly responsible for the bio-oil thermal instability. The high oxygen content causes the bio-oil low heating value. As a result, the poor fuel quality of bio-oil makes it hard to be used directly, and its upgrading is necessary to be carried out.
There are several different approaches to upgrade crude bio-oil to better quality fuel. As a result, the upgrading process must remove oxygen and convert unwanted products to more beneficial species. One such upgrading processes are catalytic cracking, which can be conducted either offline (after pyrolysis, on liquid bio-oil) or online (during pyrolysis, on vapors products). There are possible disadvantages of upgrading bio-oil after pyrolysis, such as rapid catalyst deactivation due to coke formation on the catalyst surface and/or bio-oil aging during storage because of the presence of purposes for HR conversion. Their presence as two analogues will allow for the unique products of the HR conversions to be determined, and allows for estimation of possible routes of products formation.
Experiments

Catalyst Preparation
Every catalyst was synthesized by a deposition precipitation method. At the beginning of the preparation procedure, stoichiometric quantities of ZrOCl 2 (purity ≥99.5%, Sigma-Aldrich) and TiO 2 (anatase, Sigma-Aldrich) (about 100 mg) were mixed in distilled H 2 O. Then, aqueous NH 3 solution was added dropwise to the slurry which was subjected to constant stirring in order to adjust pH to 10. The obtained precipitate was filtered and then dried after aging for 24 h, followed by dipping in H 2 SO 4 (1 mol/L) for 4 h. The white solid substance that was formed was then dried in an oven, overnight, at 80 • C. Afterwards, it was calcined in a furnace for 5h at 500 • C. Pure SO 4 2− /ZrO 2 was prepared by the same method without TiO 2 mixed in the beginning. Pure SO 4 2− /TiO 2 was made from the step dipping in H 2 SO 4 and the same way as the rest of the catalysts.
Catalyst Characterization
X-ray diffraction (XRD) analysis was performed with the use of CuKα radiation in a Philip X'Pert diffactometer. The experiments were carried out in order to determine the crystal structure of the investigated catalysts and establish the presence of different crystallographic phases in the studied samples. The scanning speed applied during measurements was 0.025 degree/min, and the range of 2-theta angle was between 5 • to 80 • .
Infrared spectroscopy (IR) measurements were carried out with the use of a Bomem spectrometer in the range from 4000 to 400 cm −1 .
The surface area was determined with the use of Micromeritics Gemini surface analyzer. The obtained results were calculated using Brunauer Emmett Teller (BET) equation.
The content of acid sites present on the surface of the catalysts was determined by exchange in sodium chloride solution followed by titration with sodium hydroxide solution. In the performed experiments, 0.4 g of the investigated catalyst was added to 100 cm 3 of aqueous solution of sodium chloride (0.1 mol/dm 3 ). Then, the obtained mixture was stirred until equilibrated for 24 h. The white suspension that was formed was then, in the following step, titrated by the addition of sodium hydroxide solution (0.009 mol/dm 3 ).
Pyrolysis-Gas Chromatography/Mass Spectrometry Technique
Py-GC/MS is a combined approach of chemical analysis in which the samples are heated to decomposition to generate smaller molecules, then be separated by GC and detected by MS. The detection range of GC-MS is limited and usually it is possible to determine ions with mass up to 800 amu. In a typical run of Py-GC/MS, the pyrolysis was performed with the use of CDS Analytical 5200 pyroprobe, which is composed of two parts. The first part is for pyrolysis; biomass will be heated in the presence of helium, which acts as the carrier gas. The second part is catalyst reactor, where the cracking occurs. In a typical reaction, 1.5 mg (±0.01 mg) of miscanthus was inserted in a quartz tube, protected on both sides by quartz wool. Because of the precise weight preparation process, the changes in the area of corresponding peaks of all analyzed compounds can be considered indicators of general content variations in the samples. 5 mg (±0.01 mg) of the catalyst was placed in the catalyst reactor. The heating rate of the feedstock was 20 • C/ms. The samples of miscanthus were held at 600 • C for 20 s. The vapor products were passed through the reactor with the catalyst bed heated to 300 • C after the pyrolysis. Then they were trapped on an adsorption column (Tenax), which was held at 30 • C. Afterwards, the trapper was rapidly heated to 280 • C, which would desorb all compounds which were in the molecular weight range of 40 to 310 g/mol. All the vapors were then passed through GC (Agilent GC 7890A, Santa Clara, CA, USA) and separated by HP-5MS capillary column (30 m × 0.25 mm, 0.25 µm film thickness), to then be analyzed by MS (Agilent MS 5975C, Santa Clara, CA, USA). He (high purity) was used as carrier gas (its flow rate was 4 ml/min). The spilt mode 1: 50 was applied during the analysis. The temperature of the column increased from 30 • C (held for 10 min) to 280 • C (held for 10 min) with a heating rate of 5 • C/min. The mass analyzer allowed for the identification of ions with m/z from 40 to 400. The chromatographic peaks were ascribed to particular compounds according to the NIST MS library. Due to feedstock inhomogeneity and small capacity that can be used during the experiments in pyro-probe reproducibility can be a problem. However, by completing this experiment carefully, we were able to repeat them no more than five times to achieve a relative standard deviation within 10% for GC/MS peak area percentage between each sample of pyrolysis vapors.
Feedstock Properties
Elemental compositions (C,H,N,S) were tested by using elemental analysis (Elemental Vario el Cube analyzer). Sulphanilaide was used as a standard. The analysis result is based on the comparison between experimental data and theoretical calculation of sulphanilaid elemental content.
The analysis of moisture present in investigated biomass samples was performed in a crucible of known weight. The samples (mass between 0.2 and 0.5 g) were dried in an oven overnight at 105 • C. The measurements were usually carried out in duplicate.
The measurements of ash content in the analyzed biomass materials were performed according to ICS 75.160.10, DD CEN/TS 14775:2004.
Preparation of raw biomass and torrefied samples for the analysis of chemical composition was carried out in accordance with following standards: "E1757-01 (preparation for compositional analysis), D 1150-96 (preparation of extractive free biomass) and D 1107-96 (ethanol-toluene solubility of biomass)". The amount of cellulose, hemicellulose and lignin was identified by hydrolyzing the biomass (300 mg) with 3.00 mL of H 2 SO 4 (conc. 72%) and mixing thoroughly-a detail description can be found in Xue et al. (2014) [26] . The formed hydrolysate was utilized for the identification of carbohydrates fraction and acid soluble lignin (ASL). Their contents were determined by HPLC with the use of ICS-3000 ion chromatography system, (Dionex), equipped with a CarboPac PA1, 4 × 250 mm (Dionex) column and pulsed amperometric (PAD) and diode array detectors (Agilent HP 8452A). The solid residue corresponds to the Acid-Insoluble Residue, while its free-ash fraction is connected with the Klason Lignin. The analysis was conducted in duplicate. The contribution of cellulose was determined by the amount of glucan. On the other hand, other carbohydrates (i.e. xylan and arabinan) were counted as hemi-cellulose.
The FOSS XDS monochromator, with the associated rapid content analyzer (RCA) module and its solids transport attachment, are used for the near infrared analysis of biomass samples (extractives content for biomass).
The higher heating value (HHV) of biomass samples were measured by an oxygen bomb calorimeter (442 m Parr Company, Moline, IL, USA). The standard for the instrument calibration was benzoic acid. Table 1 shows the properties of the M, HR and lignin. The lignin content in HR is much higher than that in M, and no sugar is detected. As a result, HR has the potential to become a resource for phenolics production. 
Results and Discussion
Characterization of Catalysts
The catalyst surface area and surface acidity are shown in Table 2 (measurements presented in Table 2 have not been multiplied). The surface of pure TiO 2 is low compared to pure ZrO 2 . The introduction of zirconia to titania causes growth in surface area of the catalyst. That is why it is able to accept more SO 4 2− as active sites. Owing to that, an increase in the average surface acidity per square meter can be observed. Based on an earlier study [14] , the 60 wt.% ZrO 2 -TiO 2 had one of the highest catalytic activities among the catalysts with different ZrO 2 : TiO 2 ratio and was chosen as the optimal oxide mixture. The results of XRD analysis are presented in Figure 1 . The signals at 25.5 
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Characterization of Catalysts
The catalyst surface area and surface acidity are shown in Table 2 (measurements presented in Table 2 have not been multiplied). The surface of pure TiO2 is low compared to pure ZrO2. The introduction of zirconia to titania causes growth in surface area of the catalyst. That is why it is able to accept more SO4 2-as active sites. Owing to that, an increase in the average surface acidity per square meter can be observed. Based on an earlier study [14] , the 60 wt.% ZrO2-TiO2 had one of the highest catalytic activities among the catalysts with different ZrO2: TiO2 ratio and was chosen as the optimal oxide mixture. The results of XRD analysis are presented in Figure 1 . The signals at 25.5°, 37.1°, 38.7°, 39.9°, 48.3°, 54.0°, 55.3° correspond to the diffraction of anataseTiO2, which appear in pure TiO2 and 60 wt.% ZrO2-TiO2 samples. The peaks at 28.6°, 30.7°, 31.8°, 51.0° and 59.9° are ascribed to zirconia [27] . They can be observed for the 60 wt.% ZrO2-TiO2 and pure ZrO2 catalysts. The formation of ZrTiO4 was not confirmed by the XRD analysis, because it can be created when the temperature is higher than 500 °C [28] . The IR spectra of catalysts are shown in Figure 2 . The bands at 1044 and 990 cm −1 observed for pure zirconia and 60 wt.% ZrO 2 -TiO 2 samples were attributed to the presence of asymmetric and symmetric S· · · O stretching vibrations, respectively [29] . The signal around 1141 cm −1 was ascribed to the symmetric stretching of S=O bond. On the other hand, the band around 1232 cm −1 was attributed to the presence of the asymmetric stretching of the mentioned bond [30] . The band at 1630 cm −1 was ascribed to the "combined symmetric and asymmetric stretching modes" of molecular water connected with sulfated groups [31] . The signals ascribed to the S=O bond were not noticed for pure titania sample. The lack of mentioned bands, in this case, results from the fact that the content of sulfate groups existing on the surface of pure titania is too low, which was also confirmed by the catalyst surface acidity test. The IR spectra of catalysts are shown in Figure 2 . The bands at 1044 and 990 cm -1 observed for pure zirconia and 60 wt.% ZrO2-TiO2 samples were attributed to the presence of asymmetric and symmetric S⋯O stretching vibrations, respectively [29] . The signal around 1141 cm −1 was ascribed to the symmetric stretching of S=O bond. On the other hand, the band around 1232 cm −1 was attributed to the presence of the asymmetric stretching of the mentioned bond [30] . The band at 1630 cm -1 was ascribed to the "combined symmetric and asymmetric stretching modes" of molecular water connected with sulfated groups [31] . The signals ascribed to the S=O bond were not noticed for pure titania sample. The lack of mentioned bands, in this case, results from the fact that the content of sulfate groups existing on the surface of pure titania is too low, which was also confirmed by the catalyst surface acidity test. The studies on the properties of sulfated metal oxides performed by Ward and Ko [32] indicated that their structure includes both types of acid sites (Brønsted acid sites and Lewis acid sites). The weakened O-H groups, affected by the presence of neighboring SO4 2-groups, play a role of Brønsted acid sites. On the other hand, the electronically deficient M 4+ ions (M = zirconium or titanium) can act as Lewis acid sites (this is connected with its electron-withdrawing nature). The performed investigations confirmed that the quantity of Lewis and Brønsted acid sites increases with the rise in the SO4 2-active sites density.
Py-GC/MS Results and Discussion
Py-GC/MS is an instrument for studying the effect of the process condition and different catalysts on the quantities of individual compounds that are formed in pyrolysis. It allows variations of different process parameters, such as heating rate, temperature, pressure, resident time, carrier gas flow composition and carrier gas flow rate in pyrolysis reactor and in catalytic bed. Azzeezet et al. (2010) [33] compared the Py-GC/MS and results from the bench-scale unit and only slight differences in the relative concentration of individual chemicals were found. We can conclude that the Py-GC/MS is an effective method for the research of the reaction mechanism. However, the products from Py-GC/MS cannot be collected. That is why it is not possible to determine a mass balance. Though the instrument does not allow products collection, the changes in peak areas of each chemical compound can be considered to be linear with the number of detected substances. Hence, the change in the total peak area can be used as a good indicator of the total amount of bio-oil formed in the processes carried out at various conditions. The studies on the properties of sulfated metal oxides performed by Ward and Ko [32] indicated that their structure includes both types of acid sites (Brønsted acid sites and Lewis acid sites). The weakened O-H groups, affected by the presence of neighboring SO 4 2− groups, play a role of Brønsted acid sites.
H2 and Catalyst Effects on the Overall Yield of M Pyrolysis Vapors
On the other hand, the electronically deficient M 4+ ions (M = zirconium or titanium) can act as Lewis acid sites (this is connected with its electron-withdrawing nature). The performed investigations confirmed that the quantity of Lewis and Brønsted acid sites increases with the rise in the SO 4 2active sites density.
Py-GC/MS Results and Discussion
Py-GC/MS is an instrument for studying the effect of the process condition and different catalysts on the quantities of individual compounds that are formed in pyrolysis. It allows variations of different process parameters, such as heating rate, temperature, pressure, resident time, carrier gas flow composition and carrier gas flow rate in pyrolysis reactor and in catalytic bed. Azzeezet et al. (2010) [33] compared the Py-GC/MS and results from the bench-scale unit and only slight differences in the relative concentration of individual chemicals were found. We can conclude that the Py-GC/MS is an effective method for the research of the reaction mechanism. However, the products from Py-GC/MS cannot be collected. That is why it is not possible to determine a mass balance. Though the instrument does not allow products collection, the changes in peak areas of each chemical compound can be considered to be linear with the number of detected substances. Hence, the change in the total peak area can be used as a good indicator of the total amount of bio-oil formed in the processes carried out at various conditions. Figure 3 shows the total chromatographic peak area for the control sample (M pyrolysis in He atmosphere), M pyrolysis at various H 2 pressure, and M pyrolysis vapor in He atmosphere cracking on various catalysis. The highest peak area was achieved for the control sample without the catalyst. With the introduction of an acidic catalyst, the total peak area decreased noticeably-which is not surprising, because in the presence of the catalyst the decarbonylation and decarboxylation reactions were prompted [34] . The catalyst will favor cracking of oligomers into monomeric volatile compounds, which enhance the total amount of detectable compounds. However, the catalysts also increase the cracking of those volatile compounds to permanent gas, thus, decrease the overall yield of volatile products. The same phenomenon has also been observed by Ilipoulou et al. [35, 36] . 60 wt.% ZrO 2 -TiO 2 and pure ZrO 2 reduced the total detectable products yield to the greatest extent. This is mainly due to the cracking of volatile compounds; however, polymerization to form char, which is caused by the high acidity of catalysts cannot also be excluded. Zheng et al. [37] suggested that week acid sites facilitate the formation of aromatics, while medium and strong Brönsted acid sites can be responsible for the production of coke.
H 2 and Catalyst Effects on the Overall Yield of M Pyrolysis Vapors
Energies 2019, 12, x 7 of 19 Figure 3 shows the total chromatographic peak area for the control sample (M pyrolysis in He atmosphere), M pyrolysis at various H2 pressure, and M pyrolysis vapor in He atmosphere cracking on various catalysis. The highest peak area was achieved for the control sample without the catalyst. With the introduction of an acidic catalyst, the total peak area decreased noticeably-which is not surprising, because in the presence of the catalyst the decarbonylation and decarboxylation reactions were prompted [34] . The catalyst will favor cracking of oligomers into monomeric volatile compounds, which enhance the total amount of detectable compounds. However, the catalysts also increase the cracking of those volatile compounds to permanent gas, thus, decrease the overall yield of volatile products. The same phenomenon has also been observed by Ilipoulou et al. [35, 36] . 60 wt.% ZrO2-TiO2 and pure ZrO2 reduced the total detectable products yield to the greatest extent. This is mainly due to the cracking of volatile compounds; however, polymerization to form char, which is caused by the high acidity of catalysts cannot also be excluded. Zheng et al. [37] suggested that week acid sites facilitate the formation of aromatics, while medium and strong Brönsted acid sites can be responsible for the production of coke. H2 is reactive and can react with the oxygen compounds in biomass vapors to form water. A largest drop of total peak area took place when 20 bar of H2 is introduced. However, the difference between atmospheric H2 and atmospheric He is small.
H2 and Catalyst Effects on Carboxylic Acids
The carboxylic acids are formed in the ring scission of cellulose. They are responsible for the corrosiveness of bio-oil. The carboxylic acids can also promote reactions, such as polymerization during storage. It is mainly caused by the presence of acetic acid (HAc), which occurs in the greatest content. Therefore, it is extremely important to eliminate this compound to improve the quality of bio-oil. Figure 4 shows the acetic acid peak areas in different conditions. The HAc yield did not change with the introduction of TiO2, but slightly increased by the 60 wt.% ZrO2-TiO2and ZrO2. It has been reported that the zeolite catalyst elevated the level of carboxylic acid yield [38] [39] [40] , and they are not favorable for the catalytic cracking of biomass fast pyrolysis vapors. Qiang et al. (2010) [41] studied several different metal oxides, and reported that the CaO completely eliminated the acids, and that might be related to its strong alkalinity. Additionally, fast pyrolysis experiments performed by Grams et al. demonstrated that an application of Ni catalysts supported on Al2O3 allowed for the significant reduction of the content of carboxylic acids in the mixture of the formed products, while in the presence of ZrO2 its contribution remained on the moderate level [42] . H 2 is reactive and can react with the oxygen compounds in biomass vapors to form water. A largest drop of total peak area took place when 20 bar of H 2 is introduced. However, the difference between atmospheric H 2 and atmospheric He is small.
H 2 and Catalyst Effects on Carboxylic Acids
The carboxylic acids are formed in the ring scission of cellulose. They are responsible for the corrosiveness of bio-oil. The carboxylic acids can also promote reactions, such as polymerization during storage. It is mainly caused by the presence of acetic acid (HAc), which occurs in the greatest content. Therefore, it is extremely important to eliminate this compound to improve the quality of bio-oil. Figure 4 shows the acetic acid peak areas in different conditions. The HAc yield did not change with the introduction of TiO 2 , but slightly increased by the 60 wt.% ZrO 2 -TiO 2 and ZrO 2 . It has been reported that the zeolite catalyst elevated the level of carboxylic acid yield [38] [39] [40] , and they are not favorable for the catalytic cracking of biomass fast pyrolysis vapors. Qiang et al. (2010) [41] studied several different metal oxides, and reported that the CaO completely eliminated the acids, and that might be related to its strong alkalinity. Additionally, fast pyrolysis experiments performed by Grams et al. demonstrated that an application of Ni catalysts supported on Al 2 O 3 allowed for the significant reduction of the content of carboxylic acids in the mixture of the formed products, while in the presence of ZrO 2 its contribution remained on the moderate level [42] .
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The Hac yield decreased with increasing H2 pressure. A drop of around 40 % in Hac peak area percentage occurred when atmospheric H2 was introduced compared to the result obtained in He. The Hac content further decreased when the H2 pressue increased to 10 bar, and it was eliminated when the pressure reached 20 bar. French and Czernik (2010) [6] showed that the primary degradation products of HAc are likely to be CO2; the other products are water and coke. We can conclude that the acidic catalysts are not favorable for the decarboxylation or dehydration of HAc. H2 plays a very important role in the reduction of carboxylic acids in biomass pyrolysis vapors.
H2 and Catalyst Effects on Phenol Derivatives
Phenol derivates are the most valuable products in biomass pyrolysis vapors. The volatile monomeric phenolics can be obtained by the degradation of lignin and, to a lesser extent, hemicelluloses. Lignin is the most heat resistant of the three lignocellulosic feedstock components. Thus, mainly char was produced during pyrolysis, and at the same time, the larger and heavier nonvolatile oligomers are also generated. The oligomers are non-volatile, thermally unstable and cause rapidly polymerization to form coke on the catalyst surface, resulting in catalyst deactivation. However, it is wiser to convert them into monomerics rather than removing them from biomass vapors, since they have higher heating values with a lower oxygen content [2] .
According to Reference [43] , the formed phenolic compounds can be assigned to different fractions (such as guaiacol-type, phenol-type, syringol-type, catechol-type, cresol-type, and othertype compounds). Their contribution can change with the increase in the pyrolysis temperature, which enhances the formation of the phenol-type, cresol-type and catechol-type compounds. This phenomenon indicates that demethoxylation, demethylation and alkylation reactions can occur simultaneously at high temperatures [44] . Further increase in the pyrolysis temperature can enhance not only demethylation and demethoxylation, but also decarboxylation, and alkylation reactions which results in the change of the distribution of pyrolysis products toward alkylphenol and polyhydroxybenzene, as mentioned in Reference [45] . Figure 5 shows that the total amounts of phenol derivates were increased with TiO2 content, indicating there are more monomerics formed from the oligomers. Moreover, the low molecular weight phenols (MW < 150) ( Figure 5a ) and high molecular weight phenols (MW > 150) ( Figure 5b ) were both enhanced by this acidic catalyst. The catalyst is responded for oligomers cracking into monomerics and bigger phenolics further cracking into smaller phenolics improvement. The total low MW phenols peak areas of 60 wt.% ZrO2-TiO2 and TiO2 were 9.7% and 8.4%, respectively. They were both higher than that obtained in the absence of the catalyst. The low overall phenolics yield observed for 60 wt.% ZrO2-TiO2 resulted in the significantly lower yield of the high MW compounds. The Hac yield decreased with increasing H 2 pressure. A drop of around 40 % in Hac peak area percentage occurred when atmospheric H 2 was introduced compared to the result obtained in He. The Hac content further decreased when the H 2 pressue increased to 10 bar, and it was eliminated when the pressure reached 20 bar. French and Czernik (2010) [6] showed that the primary degradation products of HAc are likely to be CO 2 ; the other products are water and coke. We can conclude that the acidic catalysts are not favorable for the decarboxylation or dehydration of HAc. H 2 plays a very important role in the reduction of carboxylic acids in biomass pyrolysis vapors.
H 2 and Catalyst Effects on Phenol Derivatives
Phenol derivates are the most valuable products in biomass pyrolysis vapors. The volatile monomeric phenolics can be obtained by the degradation of lignin and, to a lesser extent, hemicelluloses. Lignin is the most heat resistant of the three lignocellulosic feedstock components. Thus, mainly char was produced during pyrolysis, and at the same time, the larger and heavier non-volatile oligomers are also generated. The oligomers are non-volatile, thermally unstable and cause rapidly polymerization to form coke on the catalyst surface, resulting in catalyst deactivation. However, it is wiser to convert them into monomerics rather than removing them from biomass vapors, since they have higher heating values with a lower oxygen content [2] .
According to Reference [43] , the formed phenolic compounds can be assigned to different fractions (such as guaiacol-type, phenol-type, syringol-type, catechol-type, cresol-type, and other-type compounds). Their contribution can change with the increase in the pyrolysis temperature, which enhances the formation of the phenol-type, cresol-type and catechol-type compounds. This phenomenon indicates that demethoxylation, demethylation and alkylation reactions can occur simultaneously at high temperatures [44] . Further increase in the pyrolysis temperature can enhance not only demethylation and demethoxylation, but also decarboxylation, and alkylation reactions which results in the change of the distribution of pyrolysis products toward alkylphenol and polyhydroxybenzene, as mentioned in Reference [45] . Figure 5 shows that the total amounts of phenol derivates were increased with TiO 2 content, indicating there are more monomerics formed from the oligomers. Moreover, the low molecular weight phenols (MW < 150) ( Figure 5a ) and high molecular weight phenols (MW > 150) ( Figure 5b) were both enhanced by this acidic catalyst. The catalyst is responded for oligomers cracking into monomerics and bigger phenolics further cracking into smaller phenolics improvement. The total low MW phenols peak areas of 60 wt.% ZrO 2 -TiO 2 and TiO 2 were 9.7% and 8.4%, respectively. They were both higher than that obtained in the absence of the catalyst. The low overall phenolics yield observed for 60 wt.% ZrO 2 -TiO 2 resulted in the significantly lower yield of the high MW compounds. This might be due to the higher acidity of 60 wt.% ZrO 2 -TiO 2 . As a result, the strong acidic catalysts may not be suitable for the production of phenolics. On the other hand, it is expected the average molecular weight, and the viscosity of the bio-oil can be reduced with the dramatic decrease of heavy phenolics. This might be due to the higher acidity of 60 wt.% ZrO2-TiO2. As a result, the strong acidic catalysts may not be suitable for the production of phenolics. On the other hand, it is expected the average molecular weight, and the viscosity of the bio-oil can be reduced with the dramatic decrease of heavy phenolics. The effects of H2 pressure on the phenolics were shown in Figure 5 . The pressurized hydrogen favored a higher overall phenol yield. Pandey et al. (2011) [22] and Melligan et al. (2013) [46] also reported that the introduction of H2 would help the degradation of lignin. The highest yield of phenolics was achieved when the H2 pressure was increased to 10 bar, which almost doubles the phenolics yield compared to the result observed at He atmosphere. However, a slight decrease in the yields of phenols occurred with a further increase in H2 pressure. This is because the phenolics are further converted into aromatic hydrocarbons or cyclohexane. The possible HDO mechanisms of two typical phenol derivatives (alkyl-substituted phenol derivative, i.e., cresol, and methoxy substituted phenol derivative, i.e., guaiacol) are presented in the literature [7, 47, 48] , and summarized in Figure  6 . One way is to convert cresol into toluene by directly dehydroxylation; the other is to saturate the aromatic ring then further convert to form cylcohexane. Senol et al. (2007) [47] reported ring [46] also reported that the introduction of H 2 would help the degradation of lignin. The highest yield of phenolics was achieved when the H 2 pressure was increased to 10 bar, which almost doubles the phenolics yield compared to the result observed at He atmosphere. However, a slight decrease in the yields of phenols occurred with a further increase in H 2 pressure. This is because the phenolics are further converted into aromatic hydrocarbons or cyclohexane. The possible HDO mechanisms of two typical phenol derivatives (alkyl-substituted phenol derivative, i.e., cresol, and methoxy substituted phenol derivative, i.e., guaiacol) are presented in the literature [7, 47, 48] , and summarized in Figure 6 . One way is to convert cresol into toluene by directly dehydroxylation; the other is to saturate the aromatic ring then further convert to form cylcohexane. Senol et al. (2007) [47] reported ring saturation happened before the cleavage of the C-O bond during HDO of phenol. The unsaturated aromatics have a much higher octane value and avoiding the saturation also hydrogen consumption can be minimized [49] . The resulting compounds from the ring saturation or cleavage of C-O bond are derivatives of cyclohexane and toluene. The two parallel reaction pathways for guaiacol in HDO are: The direct demethoxylation to form phenol and the demethylation, followed by substitution and dehydration to form phenol and alkyl-substituted phenols [7, 48] . From the results, we can predict that with the rise of H 2 pressure, not only the lignin degradation will grow, but also the yield of aromatic hydrocarbons and cyclo-alkanes will increase.
Energies 2019, 12, x 10 of 19 saturation happened before the cleavage of the C-O bond during HDO of phenol. The unsaturated aromatics have a much higher octane value and avoiding the saturation also hydrogen consumption can be minimized [49] . The resulting compounds from the ring saturation or cleavage of C-O bond are derivatives of cyclohexane and toluene. The two parallel reaction pathways for guaiacol in HDO are: The direct demethoxylation to form phenol and the demethylation, followed by substitution and dehydration to form phenol and alkyl-substituted phenols [7, 48] . From the results, we can predict that with the rise of H2 pressure, not only the lignin degradation will grow, but also the yield of aromatic hydrocarbons and cyclo-alkanes will increase. Figure 6 . The possible mechanism routes for phenol monomers.
The effect of H2 and Catalysts on Aromatic Hydrocarbons
As mentioned earlier, the two parallel pathways of HDO of phenols can be distinguished: (i) Direct deoxygenation (DDO) which allows for maintaining the aromatic character of formed products; and (ii) hydrogenation (HYD) where aromatic ring is hydrogenated, and the final compounds are saturated [21] . According to Ruddy et al. (2014) [50] , the conversion of phenol by DDO leads to the formation of benzene by the cleavage of C-O bond. HYD results in hydrogenation of aromatic ring to cyclohexanol. Subsequently, hydrogenation of benzene or deoxygenation of cyclohexanol can occur giving cyclohexane. Figure 7 demonstrates the influence of both hydrogen pressure and catalysts on the formation of the aromatic compounds. In a He atmosphere and in the absence of catalysts, the pyrolysis of biomass produced trace number of aromatic hydrocarbons, and neither benzene nor xylene was detected. The hydrocarbon yields slightly changed with the addition of TiO2. However, 60 wt.% ZrO2-TiO2 and ZrO2 greatly enhanced the total peak area percentage of hydrocarbons, and toluene is the most abundant aromatic hydrocarbon in the catalytic products. The results of Py/GC-MS experiments indicate that the catalyst with stronger acidity will promote the deoxygenation of biomass vapors to form hydrocarbons. Similar results were also observed by other studies [41, 51] . The same phenomenon was described [42] . However, it was demonstrated that in this case not only acidity, but also other factors (such as surface area, type of the used precursor, and crystallographic structure of the catalyst) could be very important in the production of different types of hydrocarbons. 
The effect of H 2 and Catalysts on Aromatic Hydrocarbons
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Described results revealed that for the catalyst supported on Al2O3 catechol and phenol were obtained at low conversion rates, in the case of the catalyst supported on TiO2 only catechol was formed at low conversion rates, while for the catalyst supported on ZrO2 phenol was the main product of the reaction. Moreover, in the last case, a much higher benzene yield was observed in comparison to other catalysts. This trend is in agreement with our investigations in which the presence of ZrO2 allowed for the production of higher benzene yield in comparison to pure TiO2.
The introduction of hydrogen significantly increased the aromatic hydrocarbons yield by hydrogenation. However, a rise in H2 pressure from atmospheric to 10 bar caused a slight decrease in the yield of aromatic hydrocarbons. This drop becomes more evident when the hydrogen pressure was raised to 20 bar. The increasing pressure of H2 enhances the ring saturation and direct elimination of hydroxyl group by hydrogenolysis.
The overall yields of aromatic hydrocarbons with the addition of H2 are lower than the yield obtained by introduction of acidic catalysts. The result indicates the dehydration, decarboxylation, and decarbonylation reactions of biomass vapors lead to form hydrocarbons. The reactions were primarily promoted by Bronsted acid sites and to a lesser extent by H2. The possible mechanisms of the formation of aromatic hydrocarbons from phenols and their conversion to cyclo-alkanes are shown in Figure 8 . The studies conducted by Bui et al. [7] demonstrated the effect of the support of CoMoS catalyst on their performance in HDO of guaiacol. The authors showed that there are two reaction pathways of guaiacol conversion. In the first one phenol can be obtained directly by demethoxylation, while in the second demethylation takes place leading to the formation of catechol as an intermediate, which can be transformed via methyl substitution and dehydration to phenol and alkyl-substituted phenols.
Described results revealed that for the catalyst supported on Al 2 O 3 catechol and phenol were obtained at low conversion rates, in the case of the catalyst supported on TiO 2 only catechol was formed at low conversion rates, while for the catalyst supported on ZrO 2 phenol was the main product of the reaction. Moreover, in the last case, a much higher benzene yield was observed in comparison to other catalysts. This trend is in agreement with our investigations in which the presence of ZrO 2 allowed for the production of higher benzene yield in comparison to pure TiO 2 .
The introduction of hydrogen significantly increased the aromatic hydrocarbons yield by hydrogenation. However, a rise in H 2 pressure from atmospheric to 10 bar caused a slight decrease in the yield of aromatic hydrocarbons. This drop becomes more evident when the hydrogen pressure was raised to 20 bar. The increasing pressure of H 2 enhances the ring saturation and direct elimination of hydroxyl group by hydrogenolysis.
The overall yields of aromatic hydrocarbons with the addition of H 2 are lower than the yield obtained by introduction of acidic catalysts. The result indicates the dehydration, decarboxylation, and decarbonylation reactions of biomass vapors lead to form hydrocarbons. The reactions were primarily promoted by Bronsted acid sites and to a lesser extent by H 2 . The possible mechanisms of the formation of aromatic hydrocarbons from phenols and their conversion to cyclo-alkanes are shown in Figure 8 . 
The Effect of H2 and Catalysts on Cyclo-Alkanes
According to Ruddy et al. [51] , the formation of cyclo-hydrocarbons requires initial hydrogenation of aromatic C-C bonds and carbonyl C-O bonds, and subsequent dehydration of the formed alcohol. Cyclo-hydrocarbons are one of the most important products in biomass pyrolysis vapors, as they have good fuel properties with a high energy level. However, the fast pyrolysis of lignocellulosic biomass only generates a minor number of cyclo-hydrocarbons. It is important to find a proper method to improve their yield. Figure 9a ,b indicates the effects of catalysts on cyclohydrocarbons are negligible. However, H2 plays a very important role in the hydrogenation of aromatic hydrocarbons to form cyclo-hydrocarbons. The maximum yield was achieved when the H2 rise to 20 bar. Figure 8 . The suggested mechanism for converting heavy phenol to benzene and cyclohexane.
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The effect of H2 on furan derivates and alcohols are shown in Figure 10a and b, respectively. Furan compounds are good platform chemicals, thus, increasing the yield of furans can enhance the value of bio-oil. Furans are derived from the dehydration of cellulose and hemicelluloses. The overall furan yields increased with the introduction of a catalyst. The light furans content was increased by catalysts, but heavier one (2-ethyl-5-methyl-furan) decreased. This result indicates that heavy furan will undergo secondary cracking into light furans with the acidic catalyst. With the increase of the acidity of catalysts, the yield of heavy furan decreased, which confirms the cracking is promoted in the acid-catalyzed condition. Figure 9 .
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The Effect of H2 and Catalysts on Furan Derivatives and Alcohols
The effect of H2 on furan derivates and alcohols are shown in Figure 10a and b, respectively. Furan compounds are good platform chemicals, thus, increasing the yield of furans can enhance the value of bio-oil. Furans are derived from the dehydration of cellulose and hemicelluloses. The overall furan yields increased with the introduction of a catalyst. The light furans content was increased by catalysts, but heavier one (2-ethyl-5-methyl-furan) decreased. This result indicates that heavy furan will undergo secondary cracking into light furans with the acidic catalyst. With the increase of the acidity of catalysts, the yield of heavy furan decreased, which confirms the cracking is promoted in the acid-catalyzed condition. Alcohols are perfect fuel additives, as they are derived from the hydrothermal degradation of cellulose and hemicellulose. Under the H2 condition, alcohols can be produced from the hydrogenation of carbonyl compounds. Furfural is another resource for light alcohols-in this case, the process can go through decarbonylation and hydrogenation to form butanol and pentanol, as described by Melligan et al. (2013) [46] . Moreover, it is observed that with the H2 pressure increase, both butanol and pentanol yield grow.
The Comparison of Catalytic Cracking and Hydrogenation
Sulfated 60 wt.% ZrO2-TiO2 (cat) was the only catalyst applied in the fast pyrolysis study of three feedstocks. Figure 11 shows the total peak area of the different feedstocks handled to various treatments. Lignin and HR have quite low pyrolysis products yield compared with the total peak area of M. During the acid hydrolysis process, though most of the carbohydrates were diluted into the acid solution, some small amount of them was reacted and bound to lignin. This amount of sugars is the reason for the presence of acetic acid in HR pyrolysis vapors. Alcohols are perfect fuel additives, as they are derived from the hydrothermal degradation of cellulose and hemicellulose. Under the H 2 condition, alcohols can be produced from the hydrogenation of carbonyl compounds. Furfural is another resource for light alcohols-in this case, the process can go through decarbonylation and hydrogenation to form butanol and pentanol, as described by Melligan et al. (2013) [46] . Moreover, it is observed that with the H 2 pressure increase, both butanol and pentanol yield grow.
Sulfated 60 wt.% ZrO 2 -TiO 2 (cat) was the only catalyst applied in the fast pyrolysis study of three feedstocks. Figure 11 shows the total peak area of the different feedstocks handled to various treatments. Lignin and HR have quite low pyrolysis products yield compared with the total peak area of M. During the acid hydrolysis process, though most of the carbohydrates were diluted into the acid solution, some small amount of them was reacted and bound to lignin. This amount of sugars is the reason for the presence of acetic acid in HR pyrolysis vapors. Alcohols are perfect fuel additives, as they are derived from the hydrothermal degradation of cellulose and hemicellulose. Under the H2 condition, alcohols can be produced from the hydrogenation of carbonyl compounds. Furfural is another resource for light alcohols-in this case, the process can go through decarbonylation and hydrogenation to form butanol and pentanol, as described by Melligan et al. (2013) [46] . Moreover, it is observed that with the H2 pressure increase, both butanol and pentanol yield grow.
Sulfated 60 wt.% ZrO2-TiO2 (cat) was the only catalyst applied in the fast pyrolysis study of three feedstocks. Figure 11 shows the total peak area of the different feedstocks handled to various treatments. Lignin and HR have quite low pyrolysis products yield compared with the total peak area of M. During the acid hydrolysis process, though most of the carbohydrates were diluted into the acid solution, some small amount of them was reacted and bound to lignin. This amount of sugars is the reason for the presence of acetic acid in HR pyrolysis vapors. Overall yields of lignin and HR were enhanced by the introduction of H 2 or catalysts. This is because there are more oligomers in the lignin, which are not easy to break down to volatile monomerics. The catalysts boosted the cracking of those oligomers into smaller monomerics phenolics more than the polymerization. H 2 also helped the decomposition of lignin by dehydration and hydrogenation. The results indicate it is more beneficial for HR to undergo hydro-pyrolysis or catalytic pyrolysis than the ambient pyrolysis.
The specific phenols, aromatic hydrocarbons and cyclo-alkanes yields are shown in Table 3 . It can be noticed that with the introduction of H 2 , the percentage of light phenols increased for all feedstock, and the trends among three feedstocks are similar. The overall phenol percentage of lignin in ambient H 2 is 46.1%, followed by 35.1% of HR, which are both higher than the phenol yield from M, which is only 20.5%. However, the overall aromatic hydrocarbons and cyclo-alkanes yields of HR are slightly less than from M. This result indicates the HR has the potential to become a resource for phenol production. The formation of similar products of fast pyrolysis of various types of biomass has also been observed by other researchers [52] [53] [54] . Mullen and Boateng [55] proved that the number of produced hydrocarbons is noticeably higher in the case of decomposition of the feedstock containing cellulose than that obtained for lignin. Moreover, Stefanidis et al. [56] confirmed that the presence of acidic catalysts enhances the production of aromatics, while their content was negligible after the non-catalytic reaction.
Conclusions
Three metal oxide-based catalysts and three different H 2 pressures was applied in miscanthus fast pyrolysis vapor upgrading in this study. Addition of H 2 and increasing its pressure results in compositions of fast pyrolysis vapors improvements by raising amount of alcohols and cyclo-hydrocarbons. Sulfated 60 wt.% ZrO 2 -TiO 2 catalyst shows the best catalytic activity in producing monomeric phenols among all catalysts, the reduction of heavy compounds lower the average molecular weight and viscosity of bio-oil. The aromatic hydrocarbons yields were also increased by every of the catalyst applied. The strong acidity of the catalysts promoted the cracking, HDO and decarboxylation.
Additionally, pure lignin and HR were also tested and compared with M to study the possibility of using HR as a phenolic resource. HR is composed of 44 wt.% lignin, giving a yield of 43 wt.% phenols during pyrolysis compared with a yield of 26 wt.% from M. The result indicates HR has the potential to become a source of phenols.
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